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' TITLE. OF THE INVENTION 

Isolation and Transplantation Of Retinal Stem Cells 

5 CROSS REFERENCE TO RELATED APPLICATIONS 

' This application claims the benefit of U.S. 
Provisional Patent Application No. 60/181,. 723, filed on 
•February 11, 2000, the whole of which is hereby 
10 incorporated by reference, 

BACKGROUND 

. As part , of the central netvous . system^ both 
developmentally and phenotypically, the retina shares the 

15 recalcitrance of brain and spinal cord, with . respect, to 

functional ' repair . This is unfortunate in that^r among 
heritable conditions alone, there are over 100 exainples 
of diseases involving the loss of. retinal neurons ♦ :/^5;^ One 
strategy for replacing these cells has been to transplant 

20 retinal tissue from healthy donors to the retina of the 

diseased host. While the results of such studies have 
been encouraging in terms of graft survival, the problem 
of integration between graft and host has proved 
daunting. 

25 .Studies of retinal development have been possible, 

using fetal human retinal cell cultures (e.g., Kelley et 
al.^^). However, such cultured cells are not stem or 
progenitor cells as they lack the multipotency 
characteristic of ture stem cells. The recent isolation 

30 ' and amplification of multipotent stem cells (variously 
referred to as progenitor cells, immature cells, 
undifferentiated cells, or proliferative cells), in a 
laboratory setting^' ^ ' has enlivened the fields of 



wo 01/58460 



PCT/USOl/04419 



- 2 - 

rnammalian development and transplantation. Some have 
shown that examples of these proliferative, stem or 
progenitor cellS/ present ,in the adult rodent 
hippocampus^ can be isolated, cultured and transplanted 
5 into various sites within the central nervous systCTi 

(CNS), where they can differentiate into neurons or glial 
cells . . It has also been shown that transplanted adult 
hippocampal progenitor cells are able to migrate into, 
and differentiate within, .the mature , dystrophic retina. 
10 ^. . , However, the isolation of. true . stem cells from the 
. ■ neuroretina, , particularly ones able to differentiate Into 

. ... , functional photoreceptor .cells both in yitro and in vivo, 

proven elusive.; ^ - , . > . . • 

.. '^---ir-^- . ..Recently,, yan.,der Kooy . et al. , . in U.S. Patent 

, . ,15 ' . . 6, 117f 675 ..(September. . 2000) , have , described a putative 

; . ^ ; - "retinal _ stem . cell" deriyed^^^^ marginal • 

: . ..... ..zone pigment., epithelial layer, which . ceil is not found in 

^ : , . , neuroretina, . is. pigmented, is . nestin-negative, and can 

^- . J.... proliferate . and ..be passed , in th@, >bsenc of any growth 

^..^^cr . . i-2 0 .factor . Such .^pigmentafion^^^ nestin^iriegativity, and non- 
reliance on growth factors are ^unusual ,f or mammalian stem 

, . cells.. As.,well, , van . der, Kooy et. ,al . provide no evidence 

. .J- of . the ..ability, of , their putativ(B^. ..retinal stem cells to 

: integrate into , a host- , retina . and ' to .differentiate into 
vz:zL vji r^S, . . functipnal .mature pells, in yi.vo....,_ < . 

.-..'%;r-.^ . v I ; 1 .o-?^^^?-'^^op?ip-y' u^h^ .y^^.y plasticity.,. that makes stem 

...^ ;^tvr.3 - :?^^Als^* interesting. .biolpgic^ makes them difficult 

, i , - to . track: as theyi integrate into .host tissues . 
n^-i^i -.^K^ir. \ Therefore, there ..r for multipotent, 

b 1'- 30 .,; neuroretinal stem cells that ..can be^ amplified ex vivo and 
. ' ; - . that, readily., differentiate^.,^, into, photoreceptor cells 
-.10:*/*^^ fv* .- following ^transj?.lantat eye,, which is met by the 

present . .invention. .Th^„present invention also provides a 
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method of tracking these cells when introduced into a 
host organism. 



SUMMARY OF THE INVENTION 

5 

We report here the first successful isolation of 
viable stem cells derived explicitly from neural retinal 
tissue (sometimes also referred to as ''^neuroretina" , as 
opposed to the underlying non-neuronal retinal pigment 
10 epithelium), particularly from post-natal tissue. These 

neuroretina-derived retinal stem cells {also abbreviated 
herein as *^NRSC" or ^^RSC") are triie stem cells in that 
they are capable of self -renewal, and of multipotent and 
retina-specific differentiation- These cells hdve been 
15 isolated from both murine and adult human retinal tissue. 

Unlike any previously described stem or progenitor cells, 
these cells have b^eh shown to be capable of 
differentiating ' into photoreceptors ±n vivo, when 
transplanted to the mature diseased eye. Thus, these 
20 cells are true retinal stem cells* 

Described here for the first time, viable stem cells 
have now been isolated from both immature and adult 
murine neuroretinai tissue. For the immature donor, 
there appears to be a window of opportunity in the late 
25 embryonic to early post natal time period (i.e., between 

alDout 5 days pre-natal and 1-2 days' post natal) within 
.which stem cells can be" obtained from the neuroretina. 

Human neuroretina-derived stem cells have also been 
isolated from adult donors. Surprisingly, we have found 
30 that neuroretina-derived retinal stem cells can be 

isolated from retinal tissue obtained from aged donors 
(including 70 years of age or older) 
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A number of important points relate specifically to 
the present invention' s neuroretinal stem cells. The 
retinal stem . cells of the present invention are 
specifically derived from -the neural retina and not from 
5 pigmented cells of: the retinal pigment epithelium, the 

ciliary body, or the iris. . The non-pigmented stem cells 
of this invention thus rstand in direct contrast to the 
pigmented cells described as retinal stem cells'' by van 
- - -der -Koby ^et -al'., :u*S-... Patent 6/117, 675. The van der 
10- ' Koby *et al. ■ patent -.'^specif ically. . .states that their 

• ^ pigmented cells . cannot be obtained. f rom jthe neuroretina, 
'^whereas the current invention . uses:. -exclusively non- 

■ pigmented, - neural retinal tissue.:.;f or /derivation of the 

: -"stem' cells described- ^-'^^ v ? . ^.n^^rr^ ;:J^ 
15 : > - Also in contrast " to the. ^retinal stem cells" of van. 

der Kooy e't^ ' al-. > • the? NRSCs ofc -thex invention do not 
^^proliferate "in the absence of 'growth factors. They must 

• -''"be Induced' to • proliferate"''^ by^^^^^^^ of serum 
'and/br ^xogenous'-gfowth factors -tb - their -culture medium . 

20 ^' Because ' t:he''::'*^ISiRSCs' fef '^ the' invention^ P^^iy . 

:: ; --^^^under -"the'^ Control - of -factors, i: they are readily 
•? - a distihgui ^hed /^f rom . cells that - proliferate in a factor- 
" ■ iutonombus^' f ashion those originating from. 

' '^ocular -'tumors- such that are well- 

25 "'-=^-known^'-to'^-re^^ 'b'cularV'^^( including retinal) cell 

^ -types A>:v'x:':o 's.e:tLj:j. ^-j-xzv ^/-i. l::^t'ic. 

* - bulturesl of *th4' human- -NRSCs of the invention also 

benefit f rom'' the -addition"^ o^-'c6hdi^ media obtained 

'^from^ -^previous'- ifetinal • *'stem^-ceil^ or from 

0 seiect^cl' heiiral^'*^ - stem '^"ceil- bultures/"" alone" or in 

- 'combihationvv-fhis^- s^^^^ role in the 

cohtroi of -Kumah* rieurbretiria-derived .retinal stem cell 
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(hNRSC) proliferation, for as yet uncharacterized 
autocrine factors, or co-factors. 

When deriving stem cells from the human neural 
retina, it is necessary during dissection to manage the 

5 highly tenacious vitreous gel. This can be accomplished 

using a variety of techniques, alone or in combination, 
including vitrectomy, ocular inversion, mechanical 
resection and absorbent debridement, as well as 
enzymatic digestion. . Suitable enzymes include, but are 

0 not limited to, hyaluronidases and collagenases . It is 

also particularly advantageous to remove all non-neural 
retinal tissue from the specimen used for retinal stem 
cell - isolation. ... The non^-neural . tissue . includes the 
optic nerve head and epithelium of the pars plana of the 

5 ciliary body, which is typically adherent along the 

peripheral margin (ora serrata) . 

The NRSC culture methods of the invention also 
differ from prior art techniques by initial exposure of 
cultured neuroretina-derived cells to serum (e.g. fetal 

0 calf serum) , followed by; complete change of the culture 

medium to a defined medium including specific growth 
factors. This technique has not been described in the 
context of stem cells derived from any layer of the 
retina, or-, uveal ..tract, let alone the neuroretina. 

5 Initial mechanical . dissociation of . tissue through a 

sterile small pore filter screen allows one to minimize 
the use of enzymes that degrade cell surface molecules 
such as growth factor- receptors. 

Additionally, the in viti^g derivation of cells from 

0 the neural retina is done with attention to the choice 

of antibiotics. Specif ically, gentamicin is preferably 
not used in neural retinal cell cultures. Human NSRCs 
are advantageously cultured using a himan protein as an 



wo 01/58460 



PCT/DSOl/04439 



- 6 - 

optimal substrate for adhesion of human cells in the 
culture vessel, . in this case fibronectin, overlying a 
base of polyornithine . Adherent cells are observed in 
the NRSC culture methods of - the invention. Prior art 
5 methods described * growing pigmented cells as 

non-adherent spheres. 
. . The invention also encompasses the isolation of stem 

. cells: from the .neuroretina of mice .expressing the 
:v L j - ■ enhanced : green -fluorescent protein (eGFP) transgene and 
... 10 . . . the transplantation- of these.;- cells to - the brain and 
retina of' non^transgenic recipients; ■. : .The integration of 
:."> . .. ' these; eGFP-expressing . stem V cells : can be tracked in 
. v'l^; : -::.re cipi en tv animal s.'^ - L-/::.^.-: 

• .i • c : .:ujl5 - ' -i BRIEF- DESCRIPTION -OF THE -FIGURES 

Figure l u-depicts phase-contrast views (left. A) and 
V 0^ L':- . green-f luorescent ' . protein: • ' (GFP) ' :>;iii views - 

(right;. B) of GFP-expressing/t:: neuroretina-derived retinal 
' r-'^s tern' * cell '^sphere's Cat :3>days ■ (top panel) and 6 days 
-JS".; i '20 ' ' (bottom ' panel) -i^^after -dissociation :'into single cell 
ni.'-'O-^fj': ?M suspensions ^i:'":: ci;iS''' bc^,^ A-. .::•=.: v 

Figures 2A and 2B are photomicrographs of NRSCs in 

* " iv.f:. vl tiro/'- labeled -with -ant ibbd^ 'against retinal stem cell 
. "X.-. ; .-- ■iv:-; < "mar Jeers : - -'K^ by'''""mit6tic^- cells (left. Fig. 

25 2A) — aWd hestih-/^ "^ an^^^ protein in 

^'^D pni-w-... i<-. ^neural-' -stem ^ c^^ immature '^-rieurdns (right. Fig. 2B) , 

? o i -< ^ u>' ^' B ^; . r; . ' ' Figures^ - ' -SA-^'^-and *"^'^- 33^^'^' are . photomicrographs of 
i-' - -Heur ore tiria --derived stem "ceirs ''^-''^af t'e^^ ^^their in vitro 
''e"*kp6sure 't6 serum>^ against glial 

..r::\x.:-r-^^(^20 f iiDriiiafy' aciciic protein>' ' a-fnarker (anti- 

* ,--.-(3p;^p^:. ■'ieft,'- Fig, '*3A) *anH -an antibody against' 
- ' - * : ^ neurofilament' • o'f ' 20() ^ a" marker- -for*- mature neurons 

i ' (anti-NF2b07 fight, Fig^'SB);-- ' ' ' ' :r 



wo 01/58460 



PCT/USOl/04419 



- 7 - 

Figures 4A-4D are green fluorescent protein (GFP) - 
illuminated photomicrographs of four examples of mouse 
retinal explant recipient tissue (obtained postnatally on 
day 1), co-cultured with mouse retinal stem cell spheres 
5 for 7 days in vitro. 

Figures 5A • and 5B are two exemplary in situ 
photomicrographs of "green", neuroretina-derived retinal 
stem cells (derived from GFP-expressing transgenic mice) ^ 
2 weeks after, being grafted in a host adult rd-2 mouse 
10 eye, labeled with a red-labeled antibody specific for the 

photoreceptor-specific marker, rhodopsin. 

Figures 6A-F are photomicrographs of green'' NRSCs 
grafted into various retinal. : sites, :.- 2,. weeks post-graft. 
Figs. 6A-6C and Figs. 6D-6F, respectively, show views of 
15 the same retinal site, under different illumination: GFP 

illumination (Figs. 6A and 6D} , red-labeled anti- 
rhodopsin antibodies (Figs. 6B . and 6E) ; and ordinary 
photomicrograph (Figs. 6F) . 

Figure 7 is . a confocal photomicrograph of green'' 
20 NRSCs grafted into an extra-ocular site, 2 weeks post- 

graft, labelled with red-labeled, . anti-recoverin 
antibodies. 

Figure .8 is a confocal photomicrograph of '"green" 
NRSCs. grafted into a retinal site, .2 weeks post-graft, 
25 labelled with anti-recoverin antibodies. 

Figures 9A and 9B are photomicrographs showing GFP 
(green. Fig. 9A> and rhodopsin (red. Fig. 9B) expression 
in RD-2 mouse vitreous, 2 weeks after grafting. 

Figures . lOA-lOC are photomicrographs of the same 
30 graft site: retinal stem cells grafted to the subretinal 

space of adult retina "green" NRSC from transgenic GFP- 
expressing mice, grafted to the subretinal space of adult 
retina in lesioned 56 mouse subretinal space, 2 weeks 
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after grafting. ' Fig. lOA shows GFP expression (green 
illumination); Fig. lOB^ shows . recoverin expression 
(staining of cells with red-labeled anti-recoverin 
antibodies) ; and Fig.' IOC shows an overlay or merged view 
5 of Figs. IIA and IIB. 

"Figures IIA-IIC are confocal 'micrographs of the same 
graft site: "grisen" NRSC from transgenic GFP-expressing 
miceV gra'fted to" the - subiretinal space of - adult retina in 
lesibned B6 mouse siibretinal " space; 2 weeks after 
10 ' •grafting. Fig. " llA ''Show's GFP "expression (green 

illujkLnWibn) ' f^^ IIB'''* shows recoverin expression 
(staining of cells 'Wth * ' red-labeled ■ anti-recoverin 
antibodies); and Fig. IIC shows an overlay or merged view 
'■ of - Figsv- llA'-'ahd' IIB ."^^ .^v 
is Figures* i2A-12C 'sh*ow ''cbhfocal ' micrographs of the 

" 'samW^^ •'■"green" 'Msc'-' graf Fed 'into lesioned B6 

mouse j^ubretihal space^^^4 weeks ciiftef ' grafting. Fig. 12A 
-'"shows' recbvefin"'expression^ ("sta'^ining' of cells with red- 
" ' iaSeled' 'anti~rec^ 12B shows GFP 

20 expressibn Mgreen ' iilurain¥tion)'; arid -^Fig. 12C is an 

* :* 'overlay or merged' view of ^^^^ and'*12B^ 

'"^ ""''Figure ibw-power •photomicrograph of cultured, 

hiiinan lieurbretirt^-dd^^^ -"'(hNRSCs) , showing 

bipolar, multipolar, '%ild "'^'^rou'^^ with neuritic 

25 processes. 



""'^ ' Figure^ i'4 xs^a 'ph'otbmlb^^ of "hNRSCs undergoing 

cell division. 

Figure 15 is a low-power photomicrograph of cultured 
hNRSCs^ showing 'dividing *^cel^^^ pfogenitor cells. The 

30^ cells' are* observed* 'in 'artothef ' sequence to '"'be non- 
pigmented. ^ . ' 

Figure 16 is a low-pbwer photomi'crograph of cultured 
hNRSCs developing long neuritic processes. 
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Figure 17 is a phase photomicrograph showing the 
mitotic profile of hNRSCs. 

Figure 18 is a bright-field photomicrograph of 
hNBSCSr .showing that they are not pigmented. 
5 Figures 19A-19C are sequentially timed 

photomicrographs of the same cultured hNRSC specimen, 
showing a retinal stem or progenitor cell undergoing cell 
division-. Fig. 19A shows the stem/progenitor cell before 
mitosis; Fig. 19B shows it during mitosis; and Fig. 19C 
10 shows it just after mitosis (with 2 daughter nuclei). 

Fig. 19C also shows a classic profile of an early, neural 
stem/progenitor cell. 

DETAILED DESCRIPTION OF EMBODIMENTS 
15 The invention relates to the isolation, 

characterization, and use of neuroretina-derived retinal 
stem cells (NRSC) and cell lines derived therefrom- 

The NRSCs.. of .the. invention are isolalted from neural 
retinal tissue from a donor . mairanal/ such as a primate, 
20 rodent, domestic . farm animal (e.g., human, mouse, rat, 

pig). Advantageously,, the _neural retinal tissue from 
which they are isolated shpuld be substantially free of 
other non-neural, . ocular , tissue, including retinal 
pigmented epithelium. 
25 The donor mammal can be an embryo, a neonate, or an 

.adult. ..Surprisingly, the NRSCs can be isolated from 
neuroretinas of aged individuals. The NRSCs are capable 
of: 

a) self -renewal in vitro? 
30 b) differentiating into any one cell type of the 

group consisting of neurons, astrocytes, and 
oligodendrocytes; . . 
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c) integration into the neuroretina following 
transplantation to the posterior segment of the host eye; 
and 

d) differentiation into photoreceptor cells when 
5 grafted onto a . retinal explant, or, into .the mature eye of 

a recipient mammal. 

We have found that, the neuroretina-derived 
retinal stem cells of our invention express nest in (a 
. .. marker, of neural , stem -cells and immature neurons), and 

.10 are. non-pigmented „ (i. e. , ; . are .not _ of retinal pigment - 

. . epithelial .origin) When- cultured/, these cells require 
. ^ the presence of at least one exogenous growth factor in a 
. , c culture medium in . ;order to proliferate in vitro. 

Effective exogenous growth factors include neurotrophins ; 
15.- . mitogens; . r; cytokines; :c growth factors;,'. - hormones; and 
/"i' • ..'combinations thereof,.: :as will ,,be ^appreciated by one of 

• ^ . i ordinary skill .in • the' art ; : .Advantageously, the NRSC- 
supportive culture medium:...lncludes , one of the following 
' - . :. factors v or . combinations "iiof (.fa,ctors: epidermal growth 

p.'..:: 20 : 'factor (EGF),' basic ^ fibroblast ^growth r^- factor (bFGF) , a 
' ' * cbmbinatibri' of bFGF and EGF/-''and a -^combination of EGF and 
bFGF arid platelet-derivea growth'-f abtbr ' ( PDGF) . 

' ' • ' • = ' . ^ -^'The ^'tiansplaritatioh -Site - or"^ environment of 

;\ . > : , . . 25 ^ ' - graft eel NRSCs a f f ect theii: ditfe rent iat ion and ' eventual 

f::. p^Qnoty^^ Differentiation -of NRSCs into ^neurons has been 

' * confirmed by their expression of ■neuron- markers 

- such ' as ' the - neurofilament-^"' ' protein, NF-200- 
' Differentiation ■ ^6f ' NRSCs'"' into -^ - astrocytes has been 
:3b ■ demoriistrated Vy ••'expression *of glial fibrillary acidic 
- proteinV 'GVAP. When' "grafted ' onto -a' r explant, or 

• ■ ' •'• into ''the retina-^ of a -mature' eye^ • -the' - NRSCs have been 
- ' • ' f oiind • .-to ' ' integrate * appropriately - . into the host 
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architecture (e.g., outer nuclear layer), and to express 
rhodopsin, recoverin, or both, which proteins are markers 
for a mature photoreceptor phenotype. Thus the NRSCs 
provide a viable means of repopulating, and restoring 
5 photoreceptor function in, a dysfunctional retina* Such 

dysfunction includes, but is not limited to, disease, 
injury, and developmental defect, ' 

The invention also encompasses a method of isolating 

10 and culturing retinal stem cells from a neuroretina of a 

donor mammal, comprising the following steps: 

Step (a) : A neurbretinal tissue is isolated from a 
donor eye,, from an embryo, a neonate, or an adult donor 
mammal. The isolated neuroretinal tissue is preferably 

15 substantially free of vitreous humor or. gel, optic nerve 

head tissue, pars plana epithelial tissue, and retinal 
pigmented epithelial tissue. It is -preferably handled 
using aseptic technique.. 

Step (b) : The isolated' neuroretinal tissue is then 

20 mechnically raasserated, and passed through a nylon mesh 

screen of about 100 micron pore size to dissociate the 
isolated neuroretinal tissue into, cells . .. 

Step (c) : An aliquot of cells from step (b) is 
placed in- a culture vessel, such as a plastic tissue 

25 culture flask, which is preferably coated . with a protein 

layer. The. protein layer is preferably of the same 
mammalian origin as the donor tissue from which the NRSCs 
are isolated. Advantageously, the layer may be 

polyornithine overlaid with larainin or fibronectin. 

30 Step (d) : The aliquot of cells is first incubated in 

,an amount of a first cell culture medium to provide a 
cell concentration within a range of about 10^-10® 
cells/ml, for about 24 hours at about 35-39°C, and in an 
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approximately 4-6% CO2 atmosphere. The first cell 
culture medium includes . a physiologically balanced salt 
solution containing -a D-glucose content of about 0 . 5-3 . 0 
mg/liter, preferably about Img/liter, N2 Supplement, and 
5 about 5-15% . fetal calf serum, as well as -5-15% by volume 

neural/retinal-^conditioned media and :an effective amount 
of at least one antibiotic (excluding gentamicin) . 

Step (e) : After about 2.4 .hours incubation in the 
first culture medium, that medium . is. removed from the 
10 culture vessel. ' -^^ ^ : * : 

Step {f ) : Then/ a ' second culture - medium that is 
essentially -serum-free,' : as well : as ; gentamycin-free, is 
added to the - culture'^vessel-. The second culture mediiom 
includes ai -physiologically balanced 1 salt solution 
15 - "containing - a- glucose.^ content of - about . 0 . 5-3. 0 -mg. liter, 
preferably- I' mg/liter '(e\g:,:-'^ high glucose), N2 

Supplement, at least- one ...growth factor- at- a concentration 
' of -about . 30-50 - :ng/idr- per" - growth ' factor, an effective 
. amountr bf L'-glutamine ^{about .Q.5-3mM;;.- preferably about 1 
20 - mM) , - ah effective-, amount s of neural -iprogenitor cell- 
' •conditioned* medium, and v'-an'.'; effective ^aiihount of at least 
* one antibiotic '".(excluding i gentamicin) y ::su^ as penicillin 
aihd/br '-'^ st reptonfycin Advantageously, - ^penicillin and/ or 
L ' 'Streptbmyciri ^^^may'- -be":-added ^'as ^ follows : :10, 000 units/ml 
25 • ^ • peri, " -10; 000 /^ '™microgram/mlnJ ;^strep,': '.added vl: 50-150, 
preferably - -l':100>v" for -*'a ^vfiriaK^ concentration of 100 
:. v:.^- uhits/ml> 100--microgram/ml, -^j respectively, in the culture 
. j ' "-mediiim:'i ^' Those -of ordinary - skill in vthe art reading this 
• vi. sj^ecif icatibn Vill "afjpreciate y -minor- modifications that 
30 can be made to either of the culture • media, , without 

substantially altering their ability to support 
■ ' maintenance and' growth of • the "NRSCsV - 
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The isolation and culture method of the invention 
preferably further includes, in addition to step (f ) , 
regularly removing non-viable cells and a portion of the 
second culture medium from the culture vessel in which 
5 the NRSCs are cultured, and replacing said portion with 

an equivalent amount of fresh/ second culture medium. 
This culture maintenaince step may be performed 
approximately every 2-7 days during the lifetime of the 
NRSC culture. 

10 The invention,, by enabling long-term culture of 

neuroretina-derived retinal stem cells, also provides for 
the clonal derivation of. NRSCs. 

• :i ;The invention. also:^..e.n^_ompasses .. NRSCs. that express 
reporter genes such as green fluorescent protein (GFP) , 

15 which enable one to track the migration and integration 

of such cells when transplanted into a host retina, 
whether as an explant (in vitro) or into a recipient 
mammal (in. vivoj • GFP-expressing or green'' NRSCs can be 
isolated from transgenic animals expressing the enhanced 

20 GFP (eGFP) transgene product in all nucleated somatic 

cells. Alternatively, ''^ green'' NRSCs can.be produced by 
secondarily inserting a GFP transgene into a clonally 
derived NRSC line. The GFP expressed by the NRSCs do not 
appear to have any adverse effect on. normal development 

25 and functioning of these cells into full differentiated 

retinal cells or other neuronal cells. . 

The NRSCs provide . means . to , study and to treat 
various ocular . diseases, . disorders, and injuries, 
particularly those involving retinal and neural retinal 

30 tissue. 



The . invention is further described with the 
following, non-limiting, examples . 
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Example, 1 

. . Isolation Of Retinal Stem Cells From 
. 5 ^, ; Late Embryonic/Early Post Natal, Mice: And From Adult Mice 

Neural . ..„retinas were . surgically removed from 
. en^jryonic and : postnatal . transgenic mice expressing green 
1 . ..fluorescent protein. (Tgn (beta-act-EGFP) plObsd to OSObs) 
iO r.' ; and V immediately placed in PBS: ^ppntaining 3X antibiotics 
. ;M^.: - (penicillin/streptomycin) . ' Neuroretinal tissue was 

- :finely ,:.minced c using j.;double , scalpels, . . washed in PBS, 
-collected into , a r50 ml centrifuge <tube and centrlfuged at 
. 1200 . rpm ;for five minutes;: at : :4C.- v The, .supernatant was 
15 removed ..and , .discarded b after j. which;^time - the pellet was 

resuspehded . in : .5 :ml• ^c>f'^^ a rz O Jl% . /^collagenase solution 
(Type 1) -and immediately i transferred . tp, a sterile cup 
containing a magnetic- stir ::.7bar'- i viThe; ne^uroretin^ tissue 
:c r.r.r was ::gently stirred if or:v;20:i:minutes.;.,4:.hen.i:r^ from the 

20 i • jJc: •;: stir-plater. and, tilted; so .thatnthe.i undigested tissue would 
gdv.to the . rbottom .of* the - receptacle ij L..«The supernatant 
containing liberated cells was collected and forced 
through a.' 100:Vmicron nylon mesh into a 50 ml centrifuge 
tube and centrlfuged as before (1200 rpm etc.). The 
25 J oAl'supernatant';-again-->twas. '^remo ved .1 cand discarded.- :.:and the 
-resulting cell ypellet/was.^resuspended into DMEM/Ham's F12 
medium without fetal calf serum supplemented with EGF (40 
: . " ;'ng/ml) : uor Cells:! qwereo seeded - into;! j. 6 well plates and 
;o; o v ihcubat'ed^ at--' 37^*?C ^'in :^'a -huihldifie'd atmosphere consisting 
0 ^-^of '-95%^ "air: 5%^ 'carbon^ dioxide? The ^^femaining tissue was 
sub'j ected -to ■ -several-'- of -"^ "thesV '-recycles - ^ until it was 
''^completely -digested- ' n:^/^ {- rji : 
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Cells were refed every 2 days with the" medium 
described above in the following manner. Approximately 
0.5 ml of medium was removed from a particular well and 
placed into a new well of a 6 well plate. An equal 
5 amount (approximately 0.5 ml) of freshly prepared medium 

was added to both wells. 

Cell spheres were seen within 24 hours post 
isolation and were non-adherent at this point. As the 
spheres continued to grow and multiply in number, they 

10 reached a point at which they all attached to the bottom 

of the culture vessel. (The point at which this event 
occurs is variable depending on the isolation, the age of 
the mice, etc.). At this point, cultures were still 
refed as described and ceTlis continued to proliferate on 

15 the bottom of the dish assuming a morphology similar to 

that of differentiated cells. This pattern of growth 
would continue for several days (7-10) . Suddenly the 
cells would begin to detach and" form a single cell 
suspension which would result in the formation of new 

20 precursor spheres. This cycle appears to persist as long 

'as the cells are re-fed on a regular basis. 

^ ^ Example 2 • 

25 :-Jsoiatioji of N^uroretina -Derived Retinal Stem Cell 

Line' from Adii It Human Retinal Tissue 

- - -Human retinal stem/progenitor cells of the invention 

are obtained from the_ neural retina and; do not produce 

30 . melanin. . These retinal stem cells are thus classified 
as non-pigmented cells, although they, may be found in 
association with pigment granules shed by other, 
pigmented cells when grown in co-cultures. 
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We have isolated a novel retinal stem cell type from 
post-mortem hviman neuroretinal tissue, including juvenile 
as well as . aged donors .(6-78 years of age, male and 
female) . ' These cells can ^be , derived from ice-cooled, 
.5 ■ unfrozen neuroretinal tissue, even when greater than 24 
hours , have elapsed between the, donor/ s demise and the 
initiation of culturing .of the 'donor's neuroretina- 
. derived cells . - . , 

10 Methodology / . .. . ; .i . : 

The 1. non-pigraented human v neuroretina -derived stem" 
cells of -■.the invention vpan. be harye^^ from surgical 

/ v . specimens,: : as, well :,.as; f rom tissue donated post-mortem. 

... The:. .cells : can :,.be, obtained both and 
15.. prenatally, over a; wide .range., of donor ages. The cells 
. of this, invention can be obtained;' surprisingly, from 
^ . the. , neural retina . of adult, .even elderly donors, 
. ^ including,. those^^^^ 70. years ,of age^ or more. 

.r-Human^ ocular tissue, in ^the form of whole globes, 
20 - poles ...{globes., with . corneas^ removed) ;or neural retinal 
' _ r/. specimens ~^w^ ,^f rom..^human ,.^don and kept on 

f.j ice,, r xpreferably^ in^. ^substantially^ . sterile conditions. 

,^,.. .1. . : Tissue : -was '.maintained , in . .Dulbecco', s ^Minimal Essential 
..Medium r F-12 (DMEM/F.t12;,. Omega,. Scientific) , on ice. and 
?5 * ;..r -iplaced -in ..culture anywhere ^ from. _6... to ,36 hours after 
"i; »*'»-' ^donation-.? - -.-r* . jf,-. ...y... > .j,-:.- .. ..... , 

L :- V u?'K^..::;?y.?s y^^L^. <^i^.sected.y ;using^r,ste technique, 
iS: * : with fluid detachment ; of., the ^ retina. Ocular inversion 
was used to manage. ^ the.- unwie^ body. Retinal 

LQ..: vtissue :.-w^as.-,dissected. from.^.all. .other ocular tissues 

- . - r . (i.e.., none ,of . the .optiC: nerve ..head and surround, pars 
: ■\ pl^na,-...;-. or retinal.^ pigmented. .epithelium (RPE) was 
' . J. included) : -v Tjie . . ^.retinal tis^sjue,. . was then minced, - 
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mechanically extruded through a fine screen, with or 
without enzymatic treatment. The dissociated retinal 
cells were seeded into plastic, multi-welled plates or 
plastic tissue flasks {e.g., 6-well plates or T-25 
5 flasks, Greiner) , coated with a human protein layer 

(e.g-, laminin or fibronectin) as an optimal substrate 
for adhesion of the human retinal cells . Particularly 
advantageous is the use of a coating of human fibronectin 
over polyornithine. Cells were initially suspended at 

10 high density in a medium containing Dulbecco' s Minimal 

Essential Medium F-12 (DMEM/F-12) with high glucose 
(about 0.5-3»0 mg/liter> preferably abdut 1 mg/ liter), 
serum (5-15%, preferably about 10% fetal calf serum 
(FCS))r and neural stem cell -conditioned medium in an 

15 incubator at about 37^C and 5% carbon dioxide (CO2) 

atmosphere • It was found advantageous to incubate the 
cells in the FCS-containing medium for about 24 hours • 
After 24 hours, the culture meciia was dompletely changed. 
At this time point, and later during culture, the 

20 composition of the culture medium was changed to a 

defined, serum-free media containing DMEM/F-12 high 
glucose medium, as well as neural stent cell-conditioned 
medium (5-15% by volume) N2 Supplement (Life 
Technologies), a relatively low concentration of 

25 L-glutamlne (0 . 5-3 mM) , 'and one or more growth factor (s) 

at high concentration (either EGF, bFGF, bFGF/EGF^ or 
EGF/bFGF/PDGF; 20-50 ng/ml, ' preferably 40 ng /ml each, 
Promega),' as well as penicillin and streptomycin - 
Geiitamicin should not be used. 

30 Subsequently, it was advantageous to perform, at 

least every 2-7 days, fractional exchange of culture 
medium with fresh, serum-free, gentartiicin-free culture 
medium media, and removal of non- viable cells from the 
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suspension. In some cases, it may be advantageous to 
perform, such partial media exchange more frequently, as 
often as every 5 hours, for 3-7 days. 

Viable adherent cells were readily identified 
5 within 1-3 days . in culture. These non-pigmented cells 

were elongated in one axis, and frequently of fusiform 
or pod-like morphology. At the 7-day time point, . 
adherent cells were typically larger and more numerous. 
Some were, bipolar, others multipolar, and some extended 
10 long, thin processes. Oyer the second week, adherent 

cells ,continued to increase in number. Increases were 
. highest, in focal patches. Cells in these patches were 
frequently associated with additional rounded profiles 
that appeared to be budding off from their somata, 
15 typically , distal to their pucleated . center. Similar 

. behayipr .is seen .with both, a brain-derived human neural 

progenitor . line as well. as.r..,the mouse-derived retinal 
stem cell line describeci in this invention. In other 
. . . ... cases, , the , rounded profiles within a patch were seen to 

20 ' be floating; in suspension , or ^adherent standing, 
r . .i. e. .not J juxtaposed ..^t^ mother cell, . 

, thereby . suggesting .one mode by which, these cells spread 
..^•t,,^ out: j.in. qjalture.,, . In . either case, th^^^ profiles 
. . were visualized, at various - stages ..of .mitosis, a process 
25 , that . could , be ..^observed .to .completion.. ,..^Smaller . rounded 
cells were also, .present in clusters. , covering the somata 
of underlying., adherent cells^ . or, rising up from them to 
;>..f orm - - neurospheres , . , At^ the. ;.18-day ^-time point, the 
adherent population continued to., increase in number and 
30 . phenqtypic - complexity. ,, ^ . Networks. of long, thin 
neurite-like processes could^be .,seen str.etching between 
cells in an apparently directed manner, consistent with 
a neuronal phenotype. Figures 13-19 show various 



wo 01/58460 



PCT/USOl/04419 



- 19 - 

photomicrographs of non-pigmented retinal 

stem/progenitor cells derived from post-mortem neural 
retina of a normal adult human. 

5 ^ Example 3 

Preparation of single-cell r adher'entr neuroretina- 

derived retinal stem cells 
Single-cell, adherent preparations of neuroretina- 
10 derived retinal stem cells (NRSC) may be prepared in the 

following manner, from a NRSC sphere culture. The 
singie-celi preparations can fae used to grow new NRSC 
cultures or be frozen for later use. 

15 1. Begin with a neuroretina-derived retinal stem cell 

(NRSC) sphere culture, grown in EGF^containing media in a 

culture flask, e.g., T-75 ( Corning ) , as previously 

described in the earlier 

2: Dissociate the ceils by bathing them in a 
20 "trypsin/EDTA solution: e.g., add about 2 ml of a 0.05 % 

trypsin, 0.53 mM EDTA, lOx solution to the T-75 flask. 

3. Break up the NRSC spheres by trituration with a 

flamed polished Pasteur pipette, of medium diameter (300- 

600 microns DIMENSIONS?) , followed by trituration with a 
25 small tip didimetef (DIMENSIONS 100-300 microns). Perform 

16 triturations per tip size. 
- '4- Add 10 mis Ca^"** and Mg^'*'-free HBSS to rinse. 

' 5. Centrifuge at about 1100 "^rpm for about 3 min, and 

remove the supernatant. 
30 ^ 6. Break up the remaining cell pellet by trituration 

with flamed polished pasteur pipettes, as before (step 

3) . - : 
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?• Respuspend the cells in approximately 10 ml Ca^"*"- 
and Mg^*-free Hanks' Balanceci Salt Solution (HBSS) to 
rinse the cells, and centrifuge again as before. Remove 
all of ^ the supernatant, resuspend the cells in about 1 ml 
5 fresh HBSS. _ - , 

8. Break up the remaining cell pellet by trituration 
with -briefly flamed, polished Pasteur pipettes as before 
(step 3) . ' . ; , , . . - 

, 9. Place the resulting- cell suspension, at 1-9 million 
10 : cells/ml; into protein::Coatied culture vessels, preferably 
laminin^coated flasks. Cells grow as single adherent 
. cells and reach .confluence at , about day 5 in epidermal 
, growth ; factor-containing . . -media j ( EGF-. media) . 

15 • - . ..Freezing *o£ single. cell\:adherent .retinal stem cell, 

cultures . . , 

Advantageously, neuroretina-derived retinal stem 
cells of. the present invention, particularly those 

20 prepared as single-cell adherent stem cell cultures, may 

.-V- yf\::z^s,:txr.'C. iiZc^. Bj*n.. i:.r :5;jO::v:j;>i;iV'^ • 

be frozen for long-term storage,, at temperatures down to, 

. •/ :'j ; ^ >M^-.;,^''^i.lc>^t.3:iJ^■ 

,.e.g., -150?C.- The frozen NRSC can . be^ .sjtored for at least 

1 . . year , , .withput ; , -signif icantly, affecting those NRSCs ' 

! , yiabilitY,.-. once - thawed^. for culture^, and . other use (cell 

25. .. ^ . viability upon .thaw is^. greater than : 95%) . The NRSCs may 

be^frpzen as folljpws,:.-.. r, ., ^..^v - -rc /^N. 

1. Begin with - conf luent^^ neurp^^ retinal 

stem , .cell (NRSC) . adherent cultures, v 9^^^^ ^ culture. 

flask. such , as • Rempye^ the pulture medium. 

30 2. Detach the cells ^from the . cultu^ flask (e*g., a 

plastic T-75 flask), by adding about 1-3 milliliters 

(ml), preferably 2 ml, of a trypsin/EDTA solution' 

(preferably 0,05 % trypsin, 0.53 mM EDTA, lOx solution). 
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Let sit for about 1-5 minutes with agitation, preferably 
about 1 minute. 

3* Add approximately 10 ml of Ca^"*" and Mg^"*" free 
Hanks Balanced Salt Solution (HBSS) to rinse out the 
5 trypsin/EDTA solution. 

4. Centrifuge the flask at 1100 rpm for 3 minutes 
(min)> and remove the supernatant from the flask. 

5. Break up the remaining cell pellet by trituration 
with a briefly flamed, polished Pasteur pipette of medium* 

10 tip diameter followed by one of small tip diameter. 

Perform 10 triturations per tip size. 

6. Resuspend - the cells in about 1 ml of 50% EGF 
media/50% Conditioned medium in an ampule (VWR) , to 
which is added 75 microliters of dimethyl sulfoxide 

15 (DMSO) . "Conditioned medium" is EGF medium that has been 

''^conditioned" by neural stem cells, i.e. fed to such 
cells in culture, then removed and filtered. The medium 
contains various cell secretory products and some waste 
products. ("Neuropfogenitor cell-conditioned medium" is 

20 synbnomous in this case with "conditioned medium" •) "N-2 

Supplement" is* a proprietary neuronal survival 
supplement, available from GIBCO/ life Science Tech., 
which is known to include tranferrin, insulin, and 
various growth factors. One of ordinary skill in the art 

25 understand)^ that media with N-2 can be called ^Mefined 

media", or serum free media" , to be distinguished from, 
'"serum containing media" 

7. Place the ampule of resuspended cells in a 
Nalgene isopropyl freezing apparatus and place in a -80**C 

30 freezer for at least 4 hours. 

8. Move the ampule to ia -150®C freezer for long-term 
storage. 
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Thawing Frozen NRSC For Re-Use 

One may thaw frozen, single-cell adherent NRSC 
samples according to the following, preferred method: 

■1. Thaw the vial or ampule of frozen NRSCs in an 
5 approximately .37*'C degree water bath. 

-2- Transfer the cells tool5 ml tubes in 10 mis 
ice-cold EGF media, (at. a cell concentration of about 1-9 

X -lO^Cells/ml- ^: . ; j^.r;; 

3, . Centrifuge the resuspended .cells at about 800 
10 rpm for /about 3 minutes. : :> 

4. Remove the supernatant, ^ resuspend the NRSC 
- cells in il. ml - EGF. .medium,, andr,:place them into a T-75 

flask. -^.r "r.^^:/... ^- i-- • ■ 




. • ' Characterization - of retinal stem, cells.. 



. ,. , iWeiss et ;al,^ ^ has set;_f orthT^f ivej- c^ of 
. - .,:..stera cells,, -^.in terms^ of to: (1) proliferate; 
!0 (2) self-maintain or self-renew> ... with self -renewal 

occurring by symmetric division; (3) generate a large 
number of ^progeny ;-tJ4)r .rjeliain,, pyer^^ .time, pluripotency, 
'd^.; ."^the c.ability/:.to>. diffe^^ variety of cell 

lineages; and . (5)^^: generate;,-! nev ^^^c^lls; .,-in response to 
^5^j.': disease^.,^ . or ^n-^yjij^Y .^:y*-^l^^rMe r Jiave. characterized the 
; 1 .neurpretina -derived w.rgtinal i;;Stem-.j that we have 

c riroc'} isolated, an vivp,-and:. in .-viXrO/ and ; hav.e .'deteinnined them 
r": .to • be;;, true retinal— stem . cells^-^b^ the following' 

.■•11' :r .evidence : i<noo i^r i:i eAor- 

0 q : cProliferation - ancl. cSelf -Renewal -^.(cycxteria . . (1) - (3) ) : 

Under high EGF (40 ng/ml) conditions,- :--.i,the cells form 
/ ^spheres that, label with ' Ki:-67, f:.expj:ess nestin, and form 
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new spheres when dissociated into single cells. This has 
been demonstrated for at least 5 months in vitro. 

Pluripotency (Criterion (4> ) ; Upon treatment with 
10% serum^ these cells differentiate into all three 
5 neuronal lineages: neurons' (NF~200' and MAP-2 expression) • 

astrocytes (GFAP expression) and oligodendrocytes (GalC) . 

Ihtegration Following Transplantation Into The 
Retina (Criteria (4> and (5) ) : We have found that the 
cells can integrate with host retina following in yivo 
10 grafting or explanting to a diseased retina (see, e.g.. 

Figs. 6-12)., 

Retina Specific Differentiation (Criteria (4) -(5)): 

A hallmark of retinal lineage is the^ - expression of 
retinal specific markers. Unlike any previously 

15 described stem cells, these cells are capable of 

differentiating into photoreceptors when transplanted to 
the mature diseased eye- This is demonstrated by the 
grafted NRSCs expressing rhodopsin (see, e.g., Figures 5, 
6, 9, 10) , and recoverin (see, e.g.. Figures 7, 8, 11, 

20 12) in situ. 

Discussion of Experimental Results 

Our experimental results are discussed with 
reference to the figures- 

25 ^ Figure 1 depicts phase contrast (left. Fig. lA) and 

" GFP illumination (right. Fig. IB) views of neuroretinal 
stem cell spheres 3 (top) and 6 days (bottom) after 
dissociation into single cell suspension. This panel 
shows high and consistent expression of GFP marker 

30 (green), and progressive and rapid growth of spheres from 

single cells. 

Figure 2 depicts expression of 'stem cell markers by 
neuroretinal stem cells in vitro. Spheres show high 
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number of cells staining with Ki-67, .a marker for cells 
undergoing mitosis (left. A) . These spheres also express 
nest in, an intermediate filament protein seen in neural 
stem. cells and immature neurons .(right, B) . 

-5 . As can be seen from Figure 3, upon exposure to serum 

(e.g., 10% fetal calf: serum), and withdrawal of EGF, 
... retinal .stem cell spheres of the invention adhere to the 
substrate ; : (e. larainin) , .. . and undergo ^ neuronal and 
astrocytic differentiation. This^^;ij5. indicated by 

10 . expression . of - GFAP_. . (left, ; A;, .glial fibrillary acidic 
protein//...a..vmarlcer , for j:astrqc^ and ,NF-200 (right, B; 

: , neurofilament, j-2.00 Kd, -a, marker for..mature neurons) - 

Figure 4 ) Fpur- examples . of .. day,. 1 . postnatal retinal 
15 .... . explant : recipient it is sue ^^c^ with retinal stem 

cell^ spheres. for::;7; days -in.' yitro. : Over Jt he 7 days, the 
- GFP positive ...cells v (green) , have migrated into the retina, 
, • assumed: neuronal oconf iguratipns^,-:;vand -el^^^ processes 
A intO;:the':host retina^. : ^v^t; i^-v; 

. . ' v. ^ ^ iFigure ,o5) Two.: , examples ,v of. the expressibn of the 
. : : photoreceptor specific.; marker rhodopsin j^. red-labeled with 
anti-rhodopsin) r^abybi^ret inaLrirste.m , . celds^.f.graf ted to the 
' . j.' adult; rd-2 rmouse -eye. ••:ir.Here;j,2 weeks i after grafting, two 
25 - -> cells can : be: . seen." expressing. :higli levels ^of rhodopsin, as 
L':*^^. .. well as:Jdeyelopihg pho tor eceptor^^ morphology - 

: e ii : /.'.?:'.Figs .?.-6-r8..,: show the-vihfluence i of :r,graft environment : 
r:-..: i.grafting rthe\:NRSCrintp vretinalviSites; pr^^^ the cells' 

30~* differentiation - u into. jretinal a -..cells, including 
.•-^ photoreceptor. Lcells (ire,.> cells.-, expressing rhodopsin and 

. : •'■recover in,'" - .'known:; .markers. :of ramature;,,^ photoreceptors) . 
- -Figure '6 shows . ..that ;;-neuroretina-deriyed retinal stem 
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cells grafted into a retinal site can express rhodopsin 
in situ. Figure 7 shows that NRSCs grafted into an 
extraocular environment, can express recover in by grafted 
retinal stem cells n situ. Figure 8 shows expression of 
5 recoverin by NRSCs grafted into a retinal environment. 

Figures 9-12 show that NRSCs can integrate into the 
adult retina/ even in diseased or lesioned retinal sites 
of adult recipient mammals • into which the NRSC are 
gra:fted. 

10 Figures 9A-B depict photomicrographs showing GFP 

(green) and rhodopsin (red) expression in RD-2 mouse 
vitreous, 2 weeks after grafting. Neuro-derived retinal 
stem cells grafted to the vitreous of adult diseased 
retina can express rhodopsin. 

15 ' The photomicrographs of Figures lOA-lOC show that 

mouse, GFP-expressing NRSC grafted to the subretinal 
space of a lesioned, adult retina in a B6 mouse, also 
express recoverin in lesioned B6 mouse 'subretinal space, 
2 weeks after grafting. Fig. lOA. shows GFP expression 

20 (green); Fig. lOB shows recoverin expression (red); and 

Fig. IOC shows an overlay or merged view of Figs. lOA and 
lOB (yellow indicating the co-expression of GFP and 
recoverin by the grafted :RSCs) . •. • 

Figs; llA-C andl2A-C depict photomicrographs of 

25 green", mouse neuroretina-derived retinal steitt cells 

transplanted to a host adult ■ retina (e.g., lesioned B6 
mouse) , and the sites of their integration. These green 
neuroretina-derived :RSCs, isolated from transgenic GFP- 
expressing' mice, form self-renewing neurospheres and show 

30 uniform green fluorescence under FITC illumination and 

thus are easily identified after . transplantation to the 
adult mouse - retina (Figs. IIA-IIC and 12A-12C) . NRSC 
grafted into the subretinal . space of adult retina can 
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express recoverin (Figs. IIA-IIC) . Recoverin and GFP co- 
expression are seen in . the outer . nuclear layer of 
mechanically injured or leisioned. B6 mouse retina (Figs. 
12A^12C) , onto which is, grafted . the - neuroretina-derived 
5 RSC of the invention. .This proves that the NRSC 

differentiate into, cells of retinal, lineage, when grafted 
. to dystrophic adult ^mouise . retina.. 

. Figures 13-19 are photomicrographs .of human NRSCs of 
\ ^the -invention. In . culture^. These cells were able to 
10 • - ' proliferate in .i vitro, when cultured , according to the 
' : . .methods" of the - invention. : Upon^:;.long-1:^rm exposure to 
. : " fetal -calf -.. serum, _^these :;hNRSCs^. can ^differentiate into 
• - various neuronal icells • . . w. 

; :; f . ^ . . . Figure - ::.13 is :: a ,v low-power photomicrograph of 
15 - '.cultured, / human , neuroretina-derived:,, stem cells (hNRSCs) , 
. showing ' bipolar/..- . multipolar,:- andr ' round cells, with 
neuritic processes j = ^ 

j,LoJ':::-=Figure j14 is, a. - -photomicrograph,, of : h^^RSCs undergoing 
c- vrcell" -division ; :• ,:;^x«^j u>» ^ ^'v.^. I i-; x;;: 

20 ' C.7 Figure --15 r is i-.a lowrpower - photomicrograph of >:cultured 

^ o'hNRSGs, r: showing -dividing ucells and progenitor cells. The 

; cells : c are / I'observed .dn .'t.another jsequen.ce to be non- 
"Li'tv. i:;-pigmented.^-i: ^.'n^i^or S'j c:': .tX *.:^- t- v"C>c -^i.;. . 

,vu ., : -:.- /-i-.-Figure 16: is ia : low-power photomicrograph of cultured 
25 - hNRSCs;:* ^-developing clbng neuritic processes. 
3- Gj. etc: vvFiguire ^17 .is a phase^.photomicrpgr.aph showing the 

cfi-v 'mitotic profile of ^^culturedthNRSCs ;iv:i „ 

-jor,: -FigurejlB is- a :;: bright-field -vPhptomicrograph of 

^ :; '^hNRSCs,' showing that i. they, are -not ^-pigmented. 
30" ./-Figures - -19A-19C-:— are -4,brv,sejquentially ^ timed 

4.:.'.: photomicrographs , of - the. same. ..cultured hNRSC specimen, 
.'showing- a. retinal:-. stem ' or ^ progenitor-„ cell, undergoing cell 
/ : - division. Fig. 19A shows -the -stem/progenitor cell before 
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mitosis; Fig. 19B shows it during mitosis; and Fig. 19C 
shows it just after mitosis (with 2 daughter nuclei) . 
Fig, 19C also shows a classic profile of an early^ neural 
stem/progenitor cell. 

5 

Uses 

The neiiroretina-derived retinal stem cells of the 
invention may be used for studying development of the 
" retina and eye^ as well as factors affecting such 

10 development, whether beneficially or adversely. This 

application is possible in part by means of enhanced 
green fluorescent proteins-expressing NRSC, such as those 
derived from a transgenic donor mammal. They allow 
tracking,, in \rivo, of the migration; integration, and 

15 development of heuroretina-derived retinal stem cells 

that are transplanted into a host recipient. 

The neuroretina-derived retinal ^ stem cells of the 
invention - may be useful for ; transplantation into a 
mammalian recipient suffering from dysfunctions of the 

20 eye. They may be used advantageously to repopuiate or to 

rescue a= . dystrophic ocular tissue, particularly a 
dysfunctional . retina. Retinal dysfunction encompasses 
any lack or loss of normal retinal function, whether due 
to disease, mechanical or chemical injury, or a 

25 degenerative or pathological process involving the 

recipieht's retina. The NRSCs may be injected or 
otherwise placed .in a retinal site, the subretinal space, 
vitreal * cavity, : or. the optic ; nerve, according to 
techniques known in the" art. This includes the use of a 

30 biodegradable substrates as a carrier for the RSCs. 

Advantageously, as supported by the rhodopsin and 
recoverin expression data presented -before, the NRSCs of 
the invention may be used to compensate for a lack or 
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diminution of photoreceptor cell function- Examples of 
retinal dysfunction that can be treated, by the retinal 
stem . cell populations . and methods of the invention 
include. , but are .not limited, to: photoreceptor 
5^- ...degeneration (as occurs in, e.g., retinitis pigmentosa^ 
. . cone dystrophies, . icone- rod and/or rod-cone dystrophies, 
; . . . . and macular : degeneration) ; retina detachment and retinal 

. trauma; ,iiphotic ..lesions caused by laser or sunlight; a 

macular hole; a macular . edema; nighty blindness and color 
'10 blindness;, ischemic ..retinopathy ;as caused by diabetes or 

. V . ■ , vascular vrocclusion;. retinopathy, due . to. prematurity / 
premature birth; infectious, .conditions, such as, e.g., 
■ .-:.CMV . retinitis and toxoplasmosis; inflammatory conditions, 

*' • ' ■ .-^uch eis the ' uveitidies;- - tumors, such as- retinoblastoma 
C .£i..-. ' ''^ • and ocular- melanoma; ■ and - for ^replacement of inner - retinal 

^^.f..x, * 5.-.;- ' ■'•'neijj^oris; ' wriich - are'- 'affecteci '^iri "-ocular neuropathies 

including glaucoma, traumatic optic neuropathy, and . 
' ""^ radiation optic rieuropathy ahid retin^ 

* * " ' bther^'^ eiamples^^'o^^^ that can be 

' - 210 treated "' by' ^^u'se of ^ the ist^m cells ' arid ' method of the 



irivehtlon a^^^ weil-knowh"'tb one *b skill in the. 



' ^ alrtV anif ma^ in/ "e Ig^'',' -'van '^der *'kooy et al., U-S, 



jPatent 6, 117, 675 (iissued September *2000), or PCT 
irit^rnational Application No ' PC^/USOb/03534, which 
25^ relates" to antegratibn of trafisplanted ' neural progenitor 



cells of hon-retirial* origiri,' into' neural tissue of 
immature dystrophic recipieiitis. "The teachings of those 
documents are entirely incorporated herein by reference. 
Of particular significance are their teachings relating 
^ '^^o neuronal stem "cellV," retinal *^ disease and other 

dysfunction, and culture " and' "uses * of stem cells 
generally. " * - 
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In using the NRSCs to treat retinal dysfunction, one 
may, in conjunction with introducing the NRSCs into a 
recipient's eye, administer a substance that stimulates 
dif fetentiation of the neuroretina-derived stem cells 
5 into photoreceptors cells or other retinal cell types 

(e.g., bipolar cells, ganglion cells, horizontal cells, 
aima'cririe ceils, MUeller cells) When NRSCs are 
introduced to treat a neural dysfunction of the eye, one 
may also utilize a substance (or combination of 

lO substances) that stimulates differentiation of the 

neuroretina-derived stem cells into neurons, astrocytes, 
or oligodendrocytes.' 

The cells of this invention : demonstrate constitutive 
expression of - a' reporter transgiene (GFP) . They can also be 

15 modified to express other genes of . interest, including 

therapeutic gene products, constitutively or in an inducible 
manner. 

Xh^ treatment methods of the ipvention are directed 
at mammalian recipients, whether immature or mature / 

20 adult, including humans, mice, rats,, or domesticated 

animals that suffer f rom . some ocular, particularly 
retinal, dysfunction. The NRSC donor and recipient may be 
of the same or different species. Examples of cross- 
species donor and recipient pairs include . the following 

25 pairs:, a rat donor and a mouse recipient; a mouse donor 

and a rat recipient; a pig donor and a human recipient. 
The donor and the recipient niay be allogeneic or 
syngeneic. 

30 From the foregoing, it will be appreciated that, 

although specific embodiments of the invention have been 
described herein for purposes of illustration, various 
modifications may be made without deviating from the 
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spirit and scope of the invention as set forth in the 
appended claims. 

As well, all . publications, patents, and patent 
5 applications are herein incorporated by reference in 

their entirety to the same extent as if each individual 
publication, patent, or patent application was 
specifically and individually indicated to be 
incorporated by reference in its entirety. 
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CIiAIMS 

What is claimed as the invention is: 

1. Retinal stem cells isolated from a neuroretina of a 
5 donor mammal. 

2. Retinal stem cells isolated from a neuroretina of a 
donor mammal r being capable of: 

a) self-renewal in vitro; 
10 b) differentiating into any one cell type of the 

group consisting of neurons, astrocytes, and 
oligodendrocytes; 

c) integration into a host retina when grafted on 
the host retina; and 
15 d) differentiation into photoreceptor cells when 

grafted onto a retina, onto a retinal explant, or into a 
mature eye. 

3. The. retina.l stem cells . of claim l.^or 2, wherein the 
20 retinal stem cells express nestln and are non-pigment ed. 

4. The retinal stem cells of claim 1 or 2, said cells 
requiring, when cultured In vitro, the presence at least 
one exogenous growth factor in a culture medium in order 

25 to proliferate/ 

5. The retinal stem cells of claim 5, wherein at least 
one exogenous growth factor is a member selected from the 
group consisting of epidermal growth factor (EGF) , basic 

30 fibroblast growth factor (bFGF) , a combination of bFGF 

and EGF, and a combination of EGF and bFGF and platelet- 
derived growth factor (PDGF) . 
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6. The retinal stem cells of claim 1 or 2, which can 
differentiate into neurons, as evidenced by expression of 
a neurofilament protein, NF-200. 

5 7. The retinal stem cells of claim 1 or 2, which can 

differentiate into astrocytes, as evidenced by expression 
of glial fibrillary acidic protein, GFAP. 

8. The retinal stem cells , of . claim 1 or 2, which, when 
10 grafted onto a . retina, onto a^retinal explant, or into a 

mature • eye, .differentiate,, into . photoreceptor cells 
expressing. rhodopsin, recoverin, ; or both, 

9. The retinal stem cells of claim 8, further being 
15 capable of integrating into and. repopulating a diseased 

. • - retina^-. ' ... 

> . . 10-' . The retinal stem: cells -of . claim 1 or 2, wherein the 
• mammal ^was an'- embryo,, a neonat^^ , or . an adults 
20 " i--':; , . 'iij^y^v^i: j.r . 

. -v. il/ The- retinan. stem.cellsrof ..claim. 1. or 2, wherein the 
mammal was a primate, a rodent, or, a .domesticated animal - 

• 12,. The retinal stem.'cellS'^of claim 1 or 2, wherein the 

- '25 mammal 'was -a human,J a mouse, a;rat,^.a cat, a dog, a pig, 

a cow, a horse, a monkey, or a;great ape* 

' 13 . 'A t method i of w isolating .» ..and :Culturing retinal stem 
cells from :a .neuroretinat of ra.^donor^mamrnal, comprising: 
i:.-..30 ' : a) ^ isolating * [neuroretinali: . tissue, ^from a .donor eye, 

* ' • the" isolated neuroretinal .tissue., being ^substantially free 
. . of vitreous r: humor,..; optic Jierye head^.tissue, pars plana 
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epithelial tissue, and retinal pigmented epithelial 
tissue; 

b) dissociating the neuroretinal tissue into cells; 

c) culturing the dissociated, neuroretina-derived 
5 cells in a culture vessel, in a first culture medium 

comprising serum, in mammalian cell culture conditions 
for about 24 hours; 

d) removing the first culture mediiom from the 
culture vessel; and 

10 e) thereafter maintaining the cultured neuroretina- 

derived cells in a second culture medium that is serum 
free and gentamycin-f ree and comprises at least one 
growth factor, under mammalian cell culture conditions. 

15 14". A method of isolating and culturing retinal stem 

cells from a neuroretina of a donor mammal, comprising 
the following steps in the order given: 

a) isolating neuroretinal tissue firom a donor eye, 
the isolated neuroretinal . tissue being substantially free 

20 of vitreous humor, optic nerve head tissue, pars plana 

epithelial tissue, and retinal pigmented epithelial 
tissue; 

b) passing the isolated neuroretinal tissue through 
a nylon screen having a pore size in a range of about 100 

25 microns, to dissociate .the isolated neuroretinal tissue 

into cells; 

c) placing an aliquot of cells from step (b) in a 
culture vessel coated with a. protein layer; 

d) incubating. the aliquot of cells in an amount of a 
30 first cell culture medium to provide a cell concentration 

within a range of about 1000-1,000,000 cells/ml, for 
about 24 hours at about 35-39^*0, and in an approximately 
4-6% CO2 atmosphere, wherein the first cell culture 
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medium comprises a physiologically balanced salt solution 
containing a glucose content of about 0.5-2 mg/liter^ and 
about 5-15% fetal calf serum; 

e) after about 24 hours, removing the first culture 
5 medium from the culture vessel; and 

f) adding to the culture vessel a second culture 
medium that is serum free -and gentamycin-f ree, the second 
culture medium comprising a physiologically balanced 
salt solution containing a glucose content of about 0.5-2 

0 mg/liter a neural progenitor cell-rconditioned medium, at 

least- one growth factor at a concentration of about 30-50 
ng/ml per growth factor, an effective amount of 
L-glutamine 0-5-3 mM, and an. effective amount of at least 
- one antibiotic: that is not gentamycin. . . 

5 - • : .. .. • . . .; ; . - . ; 

15. The method, of claim 13 or 14, /further comprising, 
every 2-7 days, removing non-viable cells and a portion 

"of the- -second culture m^ fromrthe culture vessel and 

replacing said ' portion -^cwith an equivalent amount of 
fresh second culture medium. .ro:. > 

16. The method of claira^l3 or :14,»: wherein the mammal was 
' ' an embryo, a- neonate, or 'an adult mammal . 

17. The method of claim 13 or 14, wherein the mammal was 
an aged miammari'^- ^ - - »" -.^"l 

18. The method of claim 13 or 14, wherein the culture 
vessel is a*' iDl4'stic "tissue '-culture- flask. 

19 : * the - -method of > claim wherein the protein layer 

comprises polyornithine overlaid with fibronectin or 
laminin. 
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20. The method of claim 14, wherein the protein layer is 
of the same mammalian origin as the neuroretinal tissue 
from which the retinal stem cells are derived. 

5 

21. The method of claim 14, wherein the physiologically 
balanced salt solution is Dulbecco's Minimal Essential 
Medium F-12 (DMEM/F-12) . 

10' 22. The method of claim 14, wherein neuroprogenitor 

ecll-conditioned medium is N2 Supplement. 

23. The method of claim 13 or 14, wherein the at least 
one growth factor is a member selected from the group 

15 consisting of EGF, bFGF, a combination of bFGF and EGF, a 

combination of EGF and bFGF and PDGF. 

24. The method of claim 14r wherein the at least one 
antibiotic is penicillin, istreptpmycin, or both, in an 

20 effective amount. 

25- the neiiroretina-derived retinal stem cells of claim 
1 or 2, wherein the mammal was a transgenic mouse 
expressing green fluorescent protein - 

25 

26. The neuroretina-derived retinal stem cells of claim 
1 or 2, being clonally derived. 

27. A method of . repopulating or rescuing a dystrophic 
30 eye, comprising introducing neuroretina-derived retinal 

stem cells into an eye of a manmialian recipient. 
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28. The method of claim 21, wherein the neuroretina- 
derived retinal stem cells are introduced into a retinal 
site, a subretinal space, an optic nerve, a vitreal 
cavity, a brain or a spinal cord. 

5 

29. The , method of claim 27, . further comprising 
administering to the manunalian recipient , a substance 
that stimulates differentiation of the neuroretina- 
derived stem cells into photoreceptors cells. 

10 - ^ . . . 

30. The , method .of. claim 27, further comprising 
administering . tp . the mammalian recipient, a substance 
that stimulates differentiation . of the neuroretina- 
derived stem cells into neurons. 

15 ; - ..... . -v. ; . . • 

31. The -.method . of. .claim*. 27,^.. further comprising 
administering to the mammalian recipient, a substance 
that >:'Stimulates. differentiation... of the neuroretina- 
derived stem cells intO;,astrocytes , . . . 

20 

vo: . ./ 32. :ri.The... method,.... Of , ^claim . . 27,", further comprising 
administering to the . maramali a substance 

that stimulates differentiation of the neuroretina- 
derived stem cells, into oligodendrocytes.. 

•■ 33 .P4 . /The . :method.j.:pf claim 27 , ; wherein . the neuroretinal- 
/-.t: derived . retinal •: stem-. c.ells are clonadly . derived. 

:*:^- " 34i'I: \The method -;:pf claim;. /27, wherein ^the recipient is a 
30 . ' member, > selected from the group consisting of an immature 
v.;lw mammal ■ or^>an .adult mammal % .: - 
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35. The method of 26, wherein the recipient is a member 
selected from the group consisting of a human, a mouse, a 
rat, a cat, a dog, a pig, a cow, a horse, a monkey, or a 
great ape, 

5 

36. The method of claim 27, wherein said donor and said 
recipient are of different species. 

37. The method of claim 27, wherein said donor and 
10 recipient pair is selected from the group consisting of 

the following pairs: a rat donor and a mouse recipient; a 
mouse donor and a rat recipient; a pig donor and a human 
recipient . 

15 38. The method of claim 27, wherein the donor and the 

recipient are of the same species, 

39. The method of claim 27, wherein the donor and the 
recipient are allogeneic. 

20 

40. The method of claim 27, wherein . the donor and the 
recijpient are syrigeneic. 

41. The method of claim 27, wherein, the dystrophic 
2 5 retinal tissue is a result of at least one member 

selected from the group consisting of photoreceptor 
degeneration; retinal detachment; retinal trauma; a 
photic lesion; a macular hole; a macular edema; night 
blindness; color blindness; ischemic retinopathy; 
30 retinopathy due to premature birth; infection; 

inflammatory condition; *- and an . ocular neuropathy. 
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42. The method of claim 27, wherein said dystrophic 
retinal tissue is a result of an ocular neuropathy 

43. A method of studying integration and development of 
5 retinal stem cells in vivo, comprising transplanting a 

green fluorescent protein-expressing, neuroretina-derived 
retinal stem cell into a recipient mammal. 

44. The method of claim 43, wherein the green 
10 fluorescent protein^expressing, neuroretina-derived 

/ retinal . stem: cel:i a transgenic donor 

. ^mafnmai that 0 e gf eeri; /f luo protein . 

• -.4 5;;' : t'.^h&l r ;m^t hodV:;^ . of J-^^cIaJm :;;43>i-|i^^ where in the green 
15 -':'^ P^ot ein^xpress neuroretina-derived 

|^J'V>^^^;.c^^i?re^ a transgene 

l 9J^^en -vf lupre^ into a clonally 

'{.^cj^^ stem cell line . 
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